Detonation tube specific impulse increases with decreasing ambient pressure for fullyfilled conditions in a sub-atmospheric environment. In the present study, we use an openend shock tube to simulate a detonation tube and investigate the dependence of the specific impulse on the propellant fraction, i.e., partial filling, in vacuum operation. The impulse is experimentally determined by hanging the shock tube in a ballistic pendulum arrangement inside a vacuum chamber. The shock tube driver section has a fixed length of 0.1 m and is filled to 1 MPa with various gases including helium, hydrogen, nitrogen, argon, and sulfur hexafluoride. The pressure inside the vacuum chamber is 5 Pa. The shock tube had constant area and different lengths (0-1.2 m) of the open-end driven sections (extension tubes) are used to vary the fraction of gas filling the shock tube (fill fraction) between 7.8% and 100%. The specific impulse is a weak function of extension tube length but varies strongly with the gas type. Dimensional analysis is used to correlate the data and we show that similar to data from detonation tubes, it is possible to correlate specific impulse with a single parameter that takes into account the time scale for depressurization. The specific impulse is predicted using the method of characteristics ignoring two-dimensional and rarefied gas effects at the tube exit. In agreement with the experiments, the specific impulse is predicted to increase slightly with extension tube length and vary inversely with the square root of the molecular weight of the gas. The specific impulse observed for SF 6 is about 25% higher that observed for the other gases with the same extension tube lengths, indicating an effect of vibration-translational energy exchange on the exhaust velocity. 
I. Introduction
pulse detonation engine 1 (PDE) is an internal combustion engine which generates intermittent thrust and highenthalpy burned gases by using detonation waves. Since a detonation waves will compress an initial gas in the combustor, the PDE can be operated without a mechanical compressor (or with a smaller amount of compression than a conventional gas turbine) and is potentially a simpler device than a gas-turbine or rocket engine. The PDE is being studied actively in many countries as a possible new type of an aerospace engine. This engine can either generate thrust directly as reaction motor with intermittent (pulsed) jets of combustion products or else indirectly by using intermittent detonation as a combustion chamber to drive a turbine. In the direct thrust generation mode, detonation tubes can be operated either completely or partially filled with combustion gases. The specific impulse is observed by a number of researchers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] to be greater when the detonation tube is partially-filled instead of completely filled. In these "partial fill'' experiments and analysis, a portion of the detonation tube near the closed end (thrust surface) contains the combustible mixture while the remaining portion of the tube up to the open end contains an inert gas mixture, .e.g., air. The general conclusions of these studies are that an inert section will increase the specific impulse (impulse per unit mass of combustible mixture) although the total impulse decreases. Based on these studies, the use of partially-filled detonation tubes has been proposed as a technique for improving specific performance. A A number of simple models have been proposed to account for the partial filling effect but there is no consensus regarding the best way to model this effect and correlate performance. Detailed comparisons between experiments and models are complicated by the difficulties of generating an ideal detonation in a small length tube, and non-ideal process such as heat transfer losses may be significant. 14, 15 Cooper and Shepherd 16, 17 and Morris 18 reported a specific impulse increment with decreasing ambient pressure for a fully-filled thrust tube, even in a vacuum. To date, only fully-filled detonation tubes have been studied in sub-atmospheric conditions.
The goal of the present study is to investigate the dependence of specific impulse on the amount of propellant (the partial fill effect) in a vacuum. Instead of a single-cycle detonation tube, we used a shock tube with a long extension tube to simplify the analysis of the gas dynamics. The shock tube with an open end is filled with high pressure gas separated the vacuum by a diaphragm. A pneumatically-activated cutter ruptures the diaphragm to initiate the gas expansion process. The unsteady expansion of the driver gas is similar to the behavior of the highAmerican Institute of Aeronautics and Astronautics pressure burned gas following a detonation wave in a detonation tube. Impulse is measured directly using the ballistic pendulum method inside a large vacuum chamber, and also, computed using the method of characteristics. We used helium, argon, nitrogen, hydrogen, and sulfur hexafluoride (SF 6 ) as the driver gases in order to examine the dependence on molecular weight and specific heat ratio. We changed the fill fraction by varying the length of the extension tubes that formed the driver section. In all cases, the extension tubes were directly open to the vacuum chamber and therefore at the vacuum condition. The ideal flow in the shock tube is one-dimensional if we ignore the diaphragm opening effects and the flow near the exit into the vacuum tank. Assuming a planar diaphragm that instantaneously ruptures, the resulting flow initially consists of a simple expansion wave in the shock tube. The expansion reflects from the closed end of the driver section and results in a non-simple region but one that is shock free. At the open end of the shock or expansion tube the flow is either sonic or supersonic. Since the entropy is uniform in the flow, it is straightforward to compute the gas motion by the method of characteristics 19 (MOC) for the cases with and without an extension tube. For our analysis, we assume that the flow in the shock tube is one-dimensional and ignore gas viscosity, heat transfer, and assumed that the ambient gas (vacuum condition) is at zero pressure. We calculate the specific impulse for each driver gas by using the method of characteristics. Molecular weight and specific heat ratio of each driver gas (argon, helium, nitrogen, hydrogen, and sulfur hexafluoride) are shown in Table 1 . 20 The initial fill pressure p 0 is 1.0 MPa and the initial temperature is 300 K. In addition, the scaling of the impulse with tube dimensions and gas type can be determined by using ideas that were originally developed for modeling pulse detonation engines.
II. Analysis

A. MOC Computation without Extension Tube
The x-t diagram with characteristic curves and the closed-end-wall pressure history p w are shown in Fig. 1 . The diaphragm at the open end is ruptured at the time t = 0, and the expansion wave propagates toward the closed end. After the diaphragm rupture, the characteristic lines of the expansion fan (the region ABC) spread from the open end. The head of the expansion wave front propagates to the closed end. Until a time t = t * , the pressure at end of the shock tube American Institute of Aeronautics and Astronautics is constant at p = p 0 , analogous to the so-called plateau pressure observed in detonation tubes. After the expansion wave reflected at the closed end, the closed end pressure begins to decay. The pressure ratio between the inside and outside of the tube is essentially infinite so that the shock tube exit velocity can be assumed to be the sound velocity. Hence, the characteristic line is vertical to x-axis at the shock tube exit (the line AE in Fig.1 ). The left-propagating expansion wave is reflected at the closed end for t > t* and a right propagating wave is generated to maintain zero velocity at the closed end. The region BCD is the interaction region between leftward and rightward-moving expansion waves. Note that the region A0BDC is same in both cases with and without an expansion tube. The rightward moving waves in the region BCD reach the exit of the shock tube (the line EC in Fig.1 ) and are reflected toward the closed end. The sound-velocity boundary condition creates the strong expansion region CDE in Fig.1 . This region results in discontinuity of the first derivative of the pressure history at the point D on the closed end of the tube. The pressure history at the closed end can be integrated by time and to compute the specific impulse
and the specific impulse can be calculated as 
B. MOC Computation with Extension Tube
The x-t diagram of the characteristics curves and diagram of the closed-end wall pressure p w history are shown in Fig 2. The diaphragm is ruptured at the time t = 0 as is the case with above, and the expansion wave propagates toward both the closed end and the exit of the extension tube. The region A0BDC in Fig. 2 is same as one in Fig. 1 (the case without extension tube). The expansion wave front on the right side (the leading characteristic line) propagates to the exit of the extension tube and the expansion wave front on the left side is reflected at the closed end. The flow velocity at the exit for this case is supersonic (greater than the sound velocity) and unlike the previous case, there are no reflected waves from the exit. The characteristic lines after the curve CD are fundamentally different from the lines of the case without the extension tube. As a consequence, the pressure after the time corresponding to the point D on the closed end decays more slowly than for the case without the extension tube. The slower pressure decay results in additional impulse compared to the case without the extension tube. 
C. Scaling Analysis
The dependence of specific impulse on gas type and dimensions can be determined by applying simple ideas to evaluate the parameters in equation (1) . The time t* = l 0 /c o where l 0 is the length of the driver section and c o is the initial sound speed in the driver gas. Using the ideal gas relationships for sound speed and gas density, we can write the specific impulse in scaled form as American Institute of Aeronautics and Astronautics 
where L is the total length of the shock tube and extension, see equation (8) . The quantity I sp * represents the contribution to the impulse of the plateau period alone. The non-dimensional function F is given by
and the value of F-L represents the relative contribution of the decaying tail of the thrust wall pressure history to the impulse. Values of the time t* and the impulse scaling parameter I sp * are given in Table 1 .
III. Experimental Facility
The experimental apparatus is shown in Fig. 5 . The shock tube and attached extension tube are attached to the frame that is suspended at four points by wires 0.601 m from the top of the vacuum chamber, as shown in Fig 6. The inner diameter of the shock tube is 39.5 mm and the length is 101.6 mm. The driver section (the shock tube) was sealed by a polyethylene-terephthalate plastic diaphragm (thickness of 100 μm ) separating the driver section and driven section (the extension tube). A pneumatically-activated cutter ruptures the diaphragm. We use extension tubes of length l = 100 mm, 302 mm, 595 mm, 915 mm, and 1219 mm. Based on the volume, this results in fill fractions between 7.8% and 100%. We also tested the case without an extension tube (l = 0 m). The vacuum chamber had an inner diameter of 1.2 m, a length of 2 m, and an approximate internal volume of 2300 L.
We measure the pressure history at the closed end using a piezoelectric pressure gauge connected to a digital oscilloscope through an amplifier. The horizontal displacement of the shock tube is measured with a laser displacement sensor. We also use a video camera for recording the displacement of the shock tube and observing the motion to ensure that the pendulum is operating correctly.
The solenoid valve for filling the driver gas is attached at the bottom of the shock tube. A feed-through flange is located on the top of the vacuum chamber. The tubing and the electrical cables are brought upward to the shock tube. In the impulse calculation, we ignore the mass of the wires, tubes, and cables.
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IV. Determining Specific Impulse
We determined the impulse from the experimental value of the maximum horizontal displacement by treating the suspended detonation tube as a loss-less pendulum and applying the conservation of energy to obtain the standard formula
In this equation, I is the measured impulse, m is the pendulum mass, v 0 is equivalent initial velocity of the shock tube just after the gas was exhausted, l w is the suspension wire length, g is gravitational acceleration, and Δx is the maximum horizontal displacement. The specific impulse I sp is calculated by dividing the impulse by the mass of driver gas and gravitational acceleration
where m g is the driver gas mass and l is length of extension tube. The symbol [─] denotes the experimental value. The mass of gas is computed from the measured temperature and pressure 
where ρ 0 is initial fill density of the driver gas, p 0 is initial fill pressure, V is the volume inside the shock tube driver section, ℜ is the universal gas constant, and T 0 is initial temperature
V. Experimental Result and Analysis
Fig. 7 Specific impulse of all gases as a function of the extension tube length.
A. Specific Impulse Measurement
Measurements of the specific impulse at various extension tube lengths for all gases are plotted in Fig 7. The results calculated by the method of characteristics are also shown in Fig.  7 . The values of impulse shown in Fig. 7 were obtained from the measured maximum displacement as described in the previous section. We also calculated the initial velocity of the pendulum by differentiating the location history of the laser displacement sensor and obtained maximum displacement recorded by video camera. We obtained approximately same specific impulse from all three approaches. Within the observed experimental uncertainty, the calculated and experimental values are in reasonable agreement except for the hydrogen case, for which the computations are systematically higher.
We define a non-dimensional length L which is the total length of the shock tube plus extension divided by the length of the shock tube
When L = 1, there is no extension tube; as L ∞, the extension tube is much larger than the driver section. In the present study, L max = 13 ( l max = 1.22 m). The experimental values of scaled impulse
are shown as a function of L in Fig 8. As anticipated from the MOC computations, the non-dimensional specific impulse clearly increases with increasing extension length. The magnitude of the effect is an increase of specific impulse of about 20% (see Table 2 ) between no extension and the maximum length extension studied in the present tests. The dramatic increase in specific impulse with decreasing molar mass is almost completely accounted for by the variations in sound speed and density as given by the scaling relationship equation (3) . The actual impulses are in the inverse order in magnitude as compared to the specific values. During the one-dimensional expansion process the thermal energy of the gas is converted to uni-directional kinetic energy. Molecules like SF 6 with a large number of degrees of freedom (smaller specific heat ratios) will have greater final kinetic energies than molecules with a small number of degrees of freedom like He and Ar. In the limit of an unsteady expansion to zero pressure, unsteady gas dynamics of a perfect gas predicts that the final gas velocity will be
This suggests that for the same length extension tube, we expect that a lower specific-heat-ratio gas will have a greater specific impulse I sp (l)/I sp (0). This is confirmed by the computational results shown in Figure 9 which shows that for extraordinarily long extension tubes an effect of specific heat ratio should be observed. However, as the present experiment results show, for extension tubes on the order of 10-100 times the driver length, only a modest effect of specific heat ratio is expected. These computations overestimate the effect since, in real gases, "freezing" of the energy exchange processes is expected to occur as the collision rate decreases in the very low pressure gas at the front of the expansion wave. Given the scatter in the present results and the limited range of extension tube lengths, it is not possible to draw any definite conclusions about these effects.
B. Diaphragm Effect and Pressure Profile in Driver Section
We carried out some experiments with ambient atmosphere pressure to examine the effect of diaphragm thicknesses of 25 μm, 50 μm, and 75 μm. The driver section was filled with helium and the diaphragm was ruptured by bursting rather than using the cutter. An extension tube was added to the driver (Fig. 10 ) so that the pressure history could be measured at four locations: 75.4 mm, 150.8 mm, 226.2 mm, and 301.6 mm (closed end) from exit (open end). A representative example of pressure history for the case of using 25μm diaphragm without an extension American Institute of Aeronautics and Astronautics tube is shown in Figure 11 . We can clearly observe the propagation of the head of the expansion wave toward the closed end. Thinner diaphragms resulted in more rapid development of the expansion wave.
VI. Conclusions
The goal of this study was to examine, through the shock tube analogy, the possibility of using the partial fill effect to improve pulsed detonation engine performance for space applications. Our tests and numerical simulations demonstrate a modest specific impulse increase with extension tube length in vacuum operation. The longest extension tube (fill fraction of 7.8%), results in an increase of 18% in specific impulse for helium and argon driver gases, 14.4% for nitrogen, 19% for hydrogen, and 20% for sulfur hexafluoride. The observed increase in specific impulse is due to the wave propagation processes in the gas that has expanded into the extension tube.
Computations and measurements show that the secondary expansion waves created when the main expansion reaches the open end of the tube are what limit the actual impulse values. The mechanism of impulse enhancement is the slower rate of pressure decay due to one-dimensional wave propagation with a long extension tube compared to the three-dimensional expansion at the open end. The partial fill effects observed with shock tube operation in a vacuum are much smaller than the increases that are observed when operating a detonation tube with partial fill at ambient pressures. 
